A B S T R AC T
For several decades, acute kidney injury (AKI) was generally considered a reversible process leading to complete kidney recovery if the individual survived the acute illness. Recent evidence from epidemiologic studies and animal models, however, have highlighted that AKI can lead to the development of fibrosis and facilitate the progression of chronic renal failure. When kidney injury is mild and baseline function is normal, the repair process can be adaptive with few long-term consequences. When the injury is more severe, repeated, or to a kidney with underlying disease, the repair can be maladaptive and epithelial cell cycle arrest may play an important role in the development of fibrosis. Indeed, during the maladaptive repair after a renal insult, many tubular cells that are undergoing cell division spend a prolonged period in the G2/M phase of the cell cycle. These tubular cells recruit intracellular pathways leading to the synthesis and the secretion of profibrotic factors, which then act in a paracrine fashion on interstitial pericytes/fibroblasts to accelerate proliferation of these cells and production of interstitial matrix. Thus, the tubule cells assume a senescent secretory phenotype. Characteristic features of these cells may represent new biomarkers of fibrosis progression and the G2/M-arrested cells may represent a new therapeutic target to prevent, delay or arrest progression of chronic kidney disease. Here, we summarize recent advances in our understanding of the biology of the cell cycle and how cell cycle arrest links AKI to chronic kidney disease.
I N T RO D U C T I O N
Acute kidney injury (AKI) has long been thought to be a reversible process whereby the kidney had the ability to completely recover after an ischemic or a toxic insult that results in lethal cellular damage. It has become clear, however, during the last decade that evolving evidence from animal models and human epidemiologic studies have linked AKI to chronic kidney disease (CKD) [1] [2] [3] [4] . Furthermore, AKI can precipitate endstage renal disease when the baseline glomerular filtration rate (GFR) is already decreased [5, 6] . This relationship between AKI and CKD is bidirectional as CKD predisposes to AKI [4] .
The pathophysiological processes brought into play after AKI to restore a functional nephron are partially known. After injury, tubular cells, and especially proximal tubular cells, lose their polarity and brush border [7] ; membrane proteins such as β-integrins are mislocated [8, 9] and some tubule cells die particularly if the injury is sustained [10] . During the normal process of repair after AKI, surviving tubular cells undergo dedifferentiation, then migrate along the basement membrane, proliferate and finally differentiate to restore a functional nephron [11] [12] [13] . It is now accepted that in many cases, however, this extraordinary ability to completely recover after injury does not occur and AKI leads to abnormal repair with persistent parenchymal inflammation, fibroblast proliferation and excessive deposition of extracellular matrix [10] (Figure 1 ). Several risk factors for the development of CKD after AKI have been described including the kind of insult, the duration of exposure and the GFR before injury [1, 3, 4, 14] . It is also likely that aging represents an important risk factor [15] .
The mechanisms involved in the development of fibrosis have not been completely deciphered. While there has been recognition of tubule cell involvement in fibrosis, much of the attention on the tubular epithelial cell in this process has been focused on epithelial to mesenchymal transformation (EMT) whereby epithelial cells are proposed to transdifferentiate to myofibroblasts [16] . This concept has been brought into question more recently, however, by a number of studies [12, 17] , including those using lineage tracing, that fail to find evidence of transdifferentiation [17, 18] . As the focus has moved away from EMT, there has been a renewed interest in paracrine actions of the tubules which contribute to inflammation and activation of interstitial fibroblasts and perivascular pericytes [19] . We propose that cellular senescence plays a major role in the pathophysiology of CKD. Acute tubular injury, and its associated effects on the epithelial cell, can lead to a maladaptive repair and a chronic inflammatory state. DNA damage can lead to senescence. Kidney injury secondary to ischemia/reperfusion or toxins can lead to DNA damage. In addition, however, there are a number of other factors that can lead to cell cycle arrest and tubular cell senescence in the absence of DNA damage. Repeated proliferation and recurrent exposure to reactive oxygen species, as might be characteristic of repeated insults underlying CKD and/or the aging process, can lead to telomere shortening and senescence [20] . Senescent cells are very metabolically active and are relatively resistant to apoptosis. Our laboratory has reported that severe AKI leads to tubular cell cycle arrest in the G2/M phase of the cell cycle with activation of the 'senescenceassociated secretory phenotype' (SASP). This results in secretion of pro-proliferative and profibrotic factors, which can then lead to chronic inflammation, proliferation of pericytes/perivascular fibroblasts which then become myofibroblasts and deposition of collagen with fibrosis, subsequent vascular rarefaction and CKD [2] . Here we will review the evidence for cell cycle involvement during AKI, the links between injury, potential DNA damage and G2/M arrest, and suggest new therapeutic approaches and targets that derive from recent studies.
F I G U R E 1 : Normal and abnormal repair after AKI. After injury, tubular cells, and especially proximal tubular cells, lose their polarity and brush border; membrane proteins and tubule cells die if the injury is sustained. During the normal process of repair after AKI, surviving tubular cells undergo dedifferentiation, then migrate along the basement membrane, proliferate and finally differentiate to restore a functional nephron. However, in some conditions, the recovery process after injury becomes maladaptive and AKI leads to abnormal repair with persistent parenchyma inflammation, fibroblast proliferation and excessive deposition of extracellular matrix. CTGF, connective tissue growth factor; TGF-β1, transforming growth factor beta-1.
C H A R AC T E R I S T I C S O F T H E C E L L C Y C L E
Cell division is the result of a tightly regulated sequence of events leading to the birth of two daughter cells. It consists of four distinct phases with specific characteristics (G0-G1, S, G2 and M) ( Figure 2 ). G0 is a resting stage where the cell has left the cell cycle and is not in the process of cell division. While it has generally been considered that under normal conditions tubular epithelial cells are in G0, there are some data in rats suggesting that tubular epithelial cells are poised in G1 [21, 22] . When cells enter into the process of cell division from G0, the G1 phase is characterized by cell growth in size and synthesis of mRNA and proteins required for DNA duplication. This phase is followed by the S phase where the DNA is replicated. Then, the cell enters into the G2 phase, which is a phase of rapid cell growth and protein synthesis before the mitosis phase (M phase). During the M phase, cell growth stops and there is an ordered progression to cell division.
The progression through the cell cycle is finely controlled by cyclic proteins, called cyclins, cyclin-dependent kinases (CDKs) and their inhibitors (CDK inhibitors, CKIs, such as p15, p16
INK4a , p21 and p27) [23] . The cyclins were identified in the early 1980s by their cyclic oscillations during the sea urchin cell cycle [24] . At baseline, when CDKs are uncoupled from cyclins, they have very low levels of kinase activity [23] . Binding of a CDK to the cyclin leads to the formation of a complex that leads to CDK activation and serine/threonine phosphorylation of their downstream targets to facilitate progression through the cell cycle [23] . It has become increasingly recognized that cyclins, CDKs and CKIs do more than regulate the cell cycle. They play important roles in transcription, epigenetic regulation and metabolism, and some of these effects are unrelated to kinase activity or cyclin/CDK complex formation [25] . While these additional effects to do not directly affect the cell cycle machinery, they do relate to proliferation and repair.
Importantly, to ensure the fidelity of the cell cycle process, many quality control steps called checkpoints are present during cell division [26] (Figure 2 ). These checkpoints respond to problems that have to be fixed before allowing safe progression through the cell cycle. For example, the G1 checkpoint ensures that the size of the cell is large enough to progress into the S phase and checks for the presence of DNA damage [26] . The intra-S phase checkpoint is activated by the occurrence of DNA damage during the S phase or by unrepaired DNA damage that escapes the G1/S checkpoint [26] . The G2 checkpoint verifies three important things: (i) that DNA is replicated; (ii) that all replication errors have been repaired and (iii) that the size of the cell is sufficient enough to divide [26] . The last checkpoint is the spindle checkpoint which ensures that chromosomes are well aligned on the spindle, ready for mitosis [26] . All these checkpoints have some degree of redundancy, but each of them has some relative specificity. How each checkpoint is controlled provides insights into the complexity of this important system that regulates movement through the cell cycle ( Figure 3 ).
The regulatory pathways involved in the G1/S checkpoint are multiple, complex and interdependent. Among them, one pathway involves the Ataxia telangiectasia mutated (ATM)/ ataxia telangiectasia and Rad3-related protein (ATR) and a second involves the p16
INK4a protein, a CKI [27] . When DNA damage is detected, ATM and/or ATR, which belong to the phosphatidylinositol 3-kinase family, are activated and phosphorylate several downstream targets, including p53 and checkpoint kinase 2 (Chk2) [28, 29] . Chk2, in turn, phosphorylates and inactivates Cdc25a phosphatase [28] . This phosphorylation leads to the nuclear exclusion and proteolytic degradation of Cdc25a. Phosphorylated p53 results in its stabilization and accumulation. With phosphorylation p53 leads to the transcription of p21, a protein belonging to the family of CDIs, which in turn inhibits the Cdk2/cyclin E complex and favors cyclin E degradation, preserving the association of the tumor suppressor retinoblastoma protein (Rb) and the transcription factor E2F [30] . A second pathway involved in the G1/S checkpoint is activated by several mechanisms including replicative senescence and the transforming growth factor-β (TGF-β ) [31] . This pathway involves p16 INK4a31 . During the cell cycle, Cdk4/6 interacts with cyclin D1, leading to the phosphorylation of Rb. This relieves the inhibition of the transcription factor E2F, which in turn favors the expression of cyclin E that binds Cdk2 and allows the G1-S phase transition [32] . p16 binds to Cdk4/6, blocking Cdk4/6 interaction with cyclin D1 and hence blocking cell cycle progression [32] .
The S checkpoint involves two different pathways that slow down and can interrupt ongoing DNA synthesis, both of which are controlled by the ATM/ATR signaling machinery. The first one involves the activation of Chk2, which in turn inhibits Cdc25a, as previously described, and Cdk2 activity, leading to the blocking of Cdc45 onto chromatin, which is F I G U R E 2 : Cell cycle and checkpoints. Cell division is the result of a tightly regulated sequence of events leading to the birth of two daughter cells. It consists of four distinct phases with specific changes (G0-G1, S, G2 and M). The progression through the cell cycle is controlled by cyclic proteins, called cyclins, cyclin-dependent kinases and their inhibitors.
required for the recruitment of DNA polymerase α [33] . The second one is more complex and is thought to be important in the arrest of DNA replication in response to ionizing radiation [33] . This pathway involves ATM/NBS1 (Nibrin)/BRCA1 (Breast Cancer 1)/FANCD2 (Fanconi Anemia Group 2)/SMC1 (Structural Maintenance of Chromosomes 1). Hence, after DNA damage, NBS1 and BRCA1 migrate to the sites of DNA breaks where ATM is recruited and activated leading to the phosphorylation of SMC1 [33] . This activation favors cell cycle arrest and the recovery process [33] .
The G2/M checkpoint, often activated by DNA damage, is an important checkpoint at a decision point of the cell to progress through mitosis. Depending on the type of DNA damage, the ATM/Chk2/Cdc25 signal transduction pathway [34] and/or the ATR/Chk1/Cdc25 pathway [35, 36] is/are activated to arrest the cell cycle. DNA damage is not the only way to induce G2 arrest. Indeed, many types of stress can induce the activation of p38 MAPK/MK2 and subsequent inactivation of Cdc25 [37] . Similarly, TGF-β1 has been recently shown to induce G2/M arrest in kidney proximal tubule cells through p21 induction in a model of CKD [38] .
Several markers can be used to identify the different phases of the cell cycle in cells and tissues. Proliferative cell nuclear antigen (PCNA), a cofactor of the DNA polymerase δ, is mainly expressed during the G1, S and G2 phases of the cell cycle [2] . Its expression is very weak during the M phase.
F I G U R E 3 : Pathways involved to block cell cycle progression. Brief summary of the different pathways involved to block cell cycle progression during the G2/M phase, including either DNA damage (black arrows) or cytokine pathway (red arrows). TGF-β, transforming growth factor beta; ATM, ataxia telangiectasia mutated; ATR, ataxia telangiectasia and Rad3-related; Chk, checkpoint kinase; Cdc, cell division cycle; MAP kinases, mitogen-activated protein kinases; CDK, cyclin-dependent kinases; Rb, retinoblastoma protein.
PCNA [39] . Quiescent cells in the G0 phase do not express Ki-67 [40] . 5-Bromo-2 0 -deoxyuridine (BrdU) is a synthetic nucleoside that is an analog of thymidine that is incorporated into the newly synthesized DNA during the S phase of the cell cycle. BrdU is characterized by its long-term retention in dividing cells with passage to their daughter cells.
The G2/M phase can be detected by the phosphorylation of histone H3 on the residue Ser10 ( p-H3) [2] . Furthermore, G2 versus M phase can be differentiated according to the staining patterns of p-H3 where G2 is characterized by patchy staining and M phase by a more uniform staining pattern [2] . Finally, the number of cells in the G1 phase can be quantitated by subtracting the number of cells in the S phase (BrdU positive) and G2/M phase ( p-H3 positive) from the total number of proliferating cells (Ki-67 positive) [2] .
T H E C E L L C Y C L E I N K I D N E Y P H Y S I O LO GY A N D PAT H O P H Y S I O LO GY
During normal physiological conditions, tubular epithelial cells divide at a very low rate as revealed by PCNA and Ki-67 immunostaining [41, 42] . This tightly regulated proliferation rate allows the kidney to replace the very few cells that die daily under normal conditions. After AKI, however, the rate of dividing cells dramatically increases to replace necrotic/apoptotic cells. This is particularly prevalent in the S3 segment of the proximal tubules [10, 42, 43] . In the S3 segment, cells are particularly sensitive to injury due to: (i) high metabolic demand, (ii) relative hypoxia in the outer medulla and (iii) exposure to high concentrations of intra-tubular toxins due to water absorption of glomerular filtrate in the upstream S1 and S2 segments in the cortex. After mild injury, surviving tubular cells proliferate to cover the exposed basal membrane and restore the cell number [12, 42, 43] . In combination with proliferation, these cells also dedifferentiate transiently, expressing embryologic markers such as vimentin [42, 43] , and will then redifferentiate into specialized tubular cells leading to the restoration and repair of the nephron [13] .
Few cell cycle regulators have been studied during the recovery phase after AKI. Among them, p21 (CIP1/WAF1) was one of the first proteins explored. Early after AKI, p21, which is downstream of p53, is upregulated both at the mRNA and protein levels in the kidney [44] . Interestingly, the effect of p21 seems to be different during AKI or CKD progression. Indeed, p21 seems to be protective during AKI, as assessed by the more pronounced kidney dysfunction, more severe kidney damage and the higher rate of mortality rate observed in p21 −/− mice compared with wild-type mice [45, 46] . In contrast, p21 −/− mice developed less pronounced histologic lesions after sub-total nephrectomy with enhanced tubular proliferation compared with wild-type mice [47] . p53, which regulates the transcription of p21, was also found to be upregulated in the kidney after AKI and its inhibition or gene deletion reduces kidney lesions [2, [48] [49] [50] [51] . In contrast to the moderate amount of information related to p53 and p21, very few data are available regarding other proteins that regulate the cell cycle. After ischemic injury, mRNA and protein levels of cyclins D1, D3 and B, mRNA level of cyclin A, protein levels and the activities of CDK4 and CDK2 increase with a temporal relationship consistent with tubular cell proliferation [52] . The precise role of each cyclin and its regulators during AKI deserves a good deal more investigation.
D N A D A M A G E A N D G 2 / M A R R E S T D U R I N G A K I
We have identified a role for the cell cycle in maladaptive repair after AKI. We proposed that epithelial cell cycle arrest can lead to fibrosis progression, thus providing a pathophysiological link between acute injury and CKD [2] . As stated above, after mild tubular injury, survivor epithelial cells enter into the cell cycle and proliferate to regenerate a structurally and functionally repaired nephron [12, 13] . This repair process can be maladaptive, however, especially if the injury is more severe, involves DNA damage or occurs on the backdrop of chronic injury and increased cell senescence as may occur with chronic injury or in aging. Maladaptive repair will lead to incomplete structural and functional restoration of kidney tissue with persistent low grade inflammation, activation of perivascular fibroblasts ( pericytes) [17] , accumulation of myofibroblasts, vascular rarefaction [53] , intermittent chronic ischemia, increased production of interstitial matrix and development of fibrosis. Indeed, under particularly stressful conditions, some tubular cells stay arrested in the G2/M phase leading to the production of fibrotic factors such as connective tissue growth factor and TGF-β [2, 38, 54, 55] . In this setting, the percentage of cells that have entered the cell cycle that undergo G2/M arrest correlates with the development of fibrosis [2, 38, 54, 55] . Moreover, pharmacologic intervention which leads to an increased number of tubular cells arrested in the G2/M phase after AKI worsens kidney fibrosis, whereas interventions which enhance the movement through G2/M are associated with less fibrosis [2, 38, [54] [55] [56] [57] . Cells trapped in G2/M may represent a new histologic biomarker for CKD progression.
Thus, although the epithelial cell does not transdifferentiate into a myofibroblast, the damaged proximal epithelial cell can contribute in important ways to the fibrosis process via paracrine mechanisms that are potentiated by a state of accelerated senescence characterized by G2/M arrest and production of profibrotic factors. We demonstrated this by using multiple models of AKI, including mild and moderate bilateral ischemia/reperfusion, unilateral ischemia/reperfusion, aristolochic acid administration and unilateral ureteral obstruction [2] . We developed histochemical approaches to map the cell cycle progression in vivo as described previously in this review. There were large differences in the distribution of cell cycle stage over time (42 days) between insults that were mild and those that were severe leading to fibrosis [2] (Figure 4 ). G2/Marrested proximal tubular epithelial cells activated the c-jun NH 2 -terminal kinase (JNK) signaling cascade that acts to upregulate profibrotic cytokine production. The fibrotic fate of the injured kidney can partially be abrogated with a JNK inhibitor, a p53 inhibitor or the removal of the contralateral kidney. The latter approach was employed because of the potential facilitation of repair in the remaining kidney due to contralateral nephrectomy.
The G2/M phase arrest can, at least in part, be related to DNA damage associated with severe injury secondary to severe ischemia, aristolochic acid exposure or unilateral ureteral obstruction. The presence of DNA damage after these insults was consistent with the measured activation of the ATM/ATR pathway with implications for their downstream targets, Chk1 and Chk2 [2] . It is important to note that activation of ATM/ ATR pathways with downstream G2/M arrest and secretion of fibrotic factors has been observed in rodent models, but may also occur in human kidney diseases. Indeed, patients with FAN1 (which encodes the Fanconi anemia-associated nuclease 1 protein) mutation develop progressive karyomegalic interstitial nephritis characterized by tubular atrophy, tubular microcysts and fibrosis [58] . FAN1 is a protein involved in DNA repair after damage. Cells exhibiting the FAN1 mutation [58] or FAN1 depletion [59] are more susceptible to DNA damage and genome instability, and are arrested in late G2 phase of the cell cycle [58] . An important role played by DNA damage in kidney diseases and fibrosis has also been recently reinforced by the discovery of a mutation in human genes encoding for proteins involved in DNA repair process such as the ATM pathway [60] . This leads to a nephronophthisis-related ciliopathy phenotype with DNA damage and an aging-degenerative profile [60] . Finally, in G2/M arrested cells, DNA damage and repair processes, assessed by the expression of γ-H2AX, correlate with fibrosis progression in kidney transplant recipients [58] .
Interestingly, DNA damage is also observed under physiological conditions in the kidney without fibrosis. Indeed, DNA damage is found in the renal inner medulla where cells are physiologically exposed to a high interstitial concentration of NaCl [61] . When the interstitial concentration of NaCl in the medulla increases, DNA damage occurs but repair is rapid [61] . This rapid repair contrasts with maladaptive repair after injury described above. In fact, it has been shown that high concentration of NaCl induces double-strand DNA breaks in specific regions of the genome [62] . Importantly, these regions, called 'gene deserts', are void of genes, a fact which may explain the reduced consequences of such DNA breaks [62] . It is tempting to speculate that during AKI, DNA breaks occur in important genes for cell survival, and certainly their localization in the genome deserves more investigation.
It is also of note that aging is associated with a decreased capacity to repair and regenerate injured tissues including kidneys [51, 63] . Indeed, cellular senescence is a state of irreversible growth arrest that can also occur when oncogenic DNA damage occurs. These cells are metabolically active, secreting pro-inflammatory cytokines, chemokines and proteases. In the context of cancer, this state of cell senescence that is associated with secretion of inflammatory and profibrotic factors has been labeled the 'SASP'. This cell state can cause local and systemic inflammation, disrupt tissue architecture and reinforce G2/M arrest through cytokine secretion [20, 64] . Finally, as we have previously mentioned, DNA damage is not the only way to block cells in the G2/M phase, and many factors such as IL-8 [65] , secreted by the senescent cell itself, or a neighboring one [66] , bind to CXCR2 [65] and activate several pathways including NF-κB [65] and the p38 MAPK/MK2 pathway [37, 65] . Therefore, ischemic or toxic injury to the kidney can also result in G2/M arrest via mechanisms independent of DNA damage.
G2/M-ARRESTED CELLS AS A NEW T H E R A P E U T I C TA R G E T
This newly recognized contributor to the pathophysiology of fibrosis progression opens new therapeutic opportunities and, similar to anticancer strategies, this G2/M checkpoint emerges as an attractive therapeutic target. One approach to therapy targeting cell cycle arrest involves preventing cells from activating the downstream Chks that trigger G2/M arrest. Approaches could include blockade of the ATM pathway, which we have shown results in decreased G2/M arrest and decreased profibrotic growth factor release from cells treated with aristolochic acid. It is also very interesting that it has been shown that genetic deletion of one allele of the p65 subunit of NF-κB or pharmacologic inhibition of the NF-κB-activating kinase, IKK, prevented oxidative DNA damage, delayed cellular senescence and delayed age-related manifestations in a progeroid mouse where accelerated aging is the result of defective DNA repair [67] .
A second therapeutic approach is to help cells overcome the G2/M checkpoint [2, 54] . This strategy has already been successfully used to reduce kidney fibrosis in rodent models. Indeed, either pharmacologic interaction, by using p53 inhibition [2, 50] , histone deacetylase inhibitors [54] , or a 'mechanical' approach using unilateral nephrectomy of the healthy kidney after unilateral ischemia reperfusion injury [2, 68] resulted in reduced fibrosis. In the latter case, it has been long recognized in the rat [68] that the repair process after unilateral ischemic injury is characterized by loss of functional nephrons and kidney atrophy. If the contralateral kidney is then removed (even 2 weeks after the ischemic episode), the post-ischemic kidney increases in size and its creatinine clearance markedly increases due to increase in single-nephron GFR as well as recruitment of additional functional nephrons. With these various maneuvers, the exact mechanisms that push the cell to enter into the cell cycle are not always known, and the outcome of these cells during and after mitosis is unclear.
A third approach may be to facilitate apoptosis of senescent cells. A key question is why cells arrested in G2/M do not undergo apoptosis? There are likely other systems brought into play which block apoptosis. These pathways are likely maladaptive and profibrotic and, when identified, may themselves represent additional therapeutic targets to reduce the progression of CKD.
A fourth way to counteract the effects of G2/M cell cycle arrest is to block pathways that are involved in profibrotic cytokine secretion. This will leave these cells in a state that we would call 'anergic', similar to auto-reactive B cells after selection in the thymus. Indeed, the JNK pathway is activated in G2/M-arrested cells, and blocking this pathway, either in vitro or in vivo, reduces the amount of profibrotic cytokine secretion [2] . It is important to note that this approach did not modify the prevalence of G2/M cells [2] , but rather affected c-Jun as a downstream mediator of the profibrotic effect.
A fifth approach to the treatment of cellular senescence an its consequences would be to selectively deplete the senescent cells. Of course, if the targeting is not specific this could potentially result in loss of cells, which normally do not divide or divide at very low rates, such as neurons. Nevertheless, a novel method has been used to selectively remove senescent cells using a genetic approach [64] . Cell cycle-arrested cells express elevated levels of p21 and p16
INK4a . Baker et al. created a transgenic mouse in which cells expressing p16
INK4a were selectively depleted by administration of a drug. In a BubR1 progeroid mouse background, life-long removal of p16
INK4a
-positive cells delayed onset of adipose tissue, skeletal muscle and eye phenotypes and, when depleted in the adult, the treatment prevented the progression of already established age-related disorders [64] .
Using non-genetic approaches potentially appropriate for use in humans could rely on using antibodies or small molecules to selectively target molecules that are specifically expressed on senescent cells.
In conclusion, recent progress in our understanding of the pathophysiology of AKI has emphasized the important role of tubular cell cycle arrest in the process of maladaptive repair. These findings open new avenues to better understand, prevent and slow down or arrest chronic fibrosis progression and progressive CKD.
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